240/250 words) 25 Extracellular electron transfer (EET), the reduction of compounds that shuttle electrons to distal oxidants, can support bacterial survival when preferred oxidants are not directly accessible. EET has been shown to contribute to virulence in some pathogenic organisms and is required for current generation in mediator-based fuel cells. In several species, components of the electron transport chain (ETC) have been implicated in electron shuttle 30 reduction, raising the question of how shuttling-based metabolism is integrated with primary routes of metabolic electron flow. The clinically relevant bacterium Pseudomonas aeruginosa can utilize carbon sources (i.e., electron donors) covering a broad range of reducing potentials and possesses a branched ETC that can be modulated to optimize respiratory efficiency. It also produces electron shuttles called phenazines that facilitate 35 intracellular redox balancing, increasing the complexity of its metabolic potential. In this study, we investigated the reciprocal influence of respiratory metabolism and phenazineassociated physiology in Pseudomonas aeruginosa PA14. We found that phenazine production affects respiratory activity and terminal oxidase gene expression, and that carbon source identity influences the mechanisms enabling phenazine reduction. 40 Furthermore, we found that growth in biofilms, a condition for which phenazine metabolism is critical to normal development and redox balancing, dramatically affects the composition of the P. aeruginosa phenazine pool. Together, these findings can aid interpretation of P. aeruginosa behavior during host infection and provide inroads to understanding the crosstalk between primary metabolism and shuttling-based physiology 45 in the diverse bacteria that carry out EET.
development, support the model that electron flow to two major oxidants supports energy generation and redox homeostasis in biofilms: (1) O2 and (2) phenazines, redox-active metabolites that can shuttle electrons to oxidants available outside the cell and at a distance (Figure 1) (5, 6) . Genetic analyses and microelectrode profiling studies indicate 90 that P. aeruginosa's ability to reduce O2 and phenazines depends on the composition of its electron transport (i.e., respiratory) chain (ETC) (7) .
In contrast to the mitochondrial ETC, which has one route for electrons to be delivered to O2, bacterial respiratory chains often have multiple routes (8) . Electrons fed into P. 95 aeruginosa's ETC are ultimately transferred to one of five canonical terminal oxidases, the enzymes that catalyze the final electron transfer step to reduce O2 to water (9, 10) .
Each of these terminal oxidases possesses unique characteristics, including different expression patterns and affinities for O2 (11) (12) (13) (14) . Our picture of P. aeruginosa's ETC is further complicated by the fact that its "Cco" complexes, which belong to the cbb3 family 100 of terminal oxidases, can contain subunits encoded by multiple, redundant operons present at distinct sites in the genome (15) . These heterocomplexes (i.e., isoforms) have specific roles under different conditions (15) and contribute differentially to biofilm physiology and redox state (7) . In addition, work from our group has implicated specific Cco terminal oxidase isoforms in phenazine utilization in biofilms grown on a complex 105 medium (7) Though metabolism is often conceptualized as a modular process in which the oxidation of individual carbon sources can be paired with the respiration of electron acceptors via 6 common, central pathways, this is an oversimplification. Different carbon sources (i) offer 110 varying degrees of reducing power, (ii) are routed through specific pathways that will differ in their yields of direct electron donors to the ETC, and (iii) can directly or indirectly act as regulatory cues affecting the expression or activity of ETC components (16, 17) . Furthermore, changes in electron flow through the ETC can affect the expression of terminal oxidase genes (18) . Here, we examined the physiological impacts of phenazine 115 production and ETC composition by surveying their relevance for respiratory activity during the use of diverse carbon sources in P. aeruginosa. We tested whether carbon source identity affects the ability to grow with specific respiratory chain components and the ability to produce and reduce specific phenazines during P. aeruginosa biofilm growth.
Our results indicate that the identity of the provided carbon source has profound effects 120 on PA14 growth and phenazine production and utilization. Furthermore, our data show that phenazines have differential effects on colony biofilm morphogenesis on distinct carbon sources and suggest that phenazines themselves can influence the expression of terminal oxidases within a biofilm. 125 
Results and Discussion
Phenazine production and ETC composition influence tetrazolium dye reduction in P. aeruginosa 130 To assess how phenazine production affects P. aeruginosa PA14 respiration, we measured respiratory activity using commercially available "phenotype microarray" 7 plates, which contain a different carbon source in each well. The manufacturer-provided growth medium for these plates contains a tetrazolium dye that is reduced by the electron transport chain (ETC) and thereby undergoes an irreversible color change (19, 20) . First, 135 we used phenotype microarray plates to compare tetrazolium dye reduction by wild-type (i.e., phenazine-producing) PA14 and the phenazine-null mutant ∆phz. We found that on four carbon sources--succinate, D,L-malate, acetate, and α-ketoglutarate (αKG)-phenazine production inhibited tetrazolium dye reduction (Figure 2A) . On all other carbon sources respiratory activity was similar between WT and ∆phz ( Figure 3B ). During 140 incubation in defined, MOPS-buffered media containing each of the 95 "phenotype microarray" carbon sources, 32 supported growth (Supplementary File 1) , and WT and ∆phz grew similarly on all of these carbon sources (Figure S1) . These results suggest that--during growth on succinate, D,L-malate, acetate, and αKG--phenazines divert electrons from the respiratory chain, which results in decreased tetrazolium dye reduction. 145 All four of these carbon sources are intermediates in or branchpoints of the tricarboxylic acid (TCA) cycle, a major source of reducing power for respiration. αKG in particular is notable for its role as a precursor for glutamine and phenazine synthesis (21, 22) .
In a previous study, we found that electron transfer to phenazines depended on the 150 composition of the ETC during growth in biofilms (7) . We therefore suspected that the effects of phenazines on respiratory activity would also depend on the composition of the ETC. We generated mutants that contained only the two Cco's ("PaCco") or Cio ("PaCio") ( Figure 3A) , because prior work has suggested that these terminal oxidases make the greatest contributions to aerobic and microaerobic growth in P. aeruginosa under 155 8 laboratory conditions (10, 12) . The Cco terminal oxidases accept electrons from a c-type cytochrome donor (downstream of the cytochrome bc1 complex and quinone pool), while the Cio terminal oxidase accepts electrons directly from the quinone pool ( Figure 3A) .
Terminal oxidase gene mutations were created in wild-type and ∆phz backgrounds. We used phenotype microarray plates to measure respiratory activity, and also characterized 160 the growth in a MOPS-buffered medium, of our terminal oxidase-mutant strains during incubation with each of the "phenotype microarray" carbon sources. While strains with all terminal oxidases (WT and ∆phz) and those with just the Cco's (PaCco and PaCco∆phz) exhibited similar growth kinetics, the growth of PaCio strains was abrogated (Supplementary File 1), in line with previous findings that mutants lacking functional Cco 165 terminal oxidases have growth defects (12, 14) .
To test whether ETC composition influences the effects of phenazines on respiratory activity, we conducted phenotype microarray experiments for the PaCco and PaCio strains in phenazine-producing and phenazine-null backgrounds. We compared each 170 phenazine-null mutant to its parent strain and categorized each carbon source depending on whether they enhanced tetrazolium dye reduction, inhibited dye reduction, or had no effect ( Figure 3B ). Because we encountered high variability in dye reduction between runs, we performed each experiment in biological triplicate and assigned a carbon source to a particular category if two out of the three trials produced similar dye reduction trends 175 (Supplementary File 2). During growth on most carbon sources, phenazine production did not affect respiratory activity, regardless of ETC composition (Figure 3B ). However, we were intrigued to find that the phenazine-dependent inhibition of dye reduction--seen 9 during growth on αKG, D,L-malate, succinate, and acetate (Figure 2A) --was not observed in the PaCco and PaCio mutant backgrounds, indicating that the full 180 complement of terminal oxidases is required for this effect. Interestingly, deletion of all non-Cco terminal oxidases revealed just one condition--growth on L-glutamine--in which phenazine production enhanced dye reduction. Characterization of the PaCco and PaCio mutants also revealed several new carbon sources for which phenazines inhibited dye reduction. Together, these results suggest that phenazine production affects tetrazolium 185 dye reduction, and by extension, electron flow through the ETC, differently depending on which terminal oxidases are present.
Phenazine production affects terminal oxidase gene expression 190
Previous studies have shown that phenazines oxidize the cellular redox state (5, 23) and that this property affects the activities of regulators that control terminal oxidase expression (11, 13, (24) (25) (26) . To further characterize the effects of phenazines on the ETC, we created reporter strains corresponding to each of the loci encoding the five major P. aeruginosa terminal oxidases ( Figure 3A) . We measured relative expression levels in 195 liquid cultures and biofilms grown on the carbon sources succinate, αKG, glucose, and tryptone. Succinate and αKG constitute two of the four carbon sources that showed phenazine-dependent inhibition of tetrazolium dye reduction in the presence of all terminal oxidases (Figure 2B ). Glucose and succinate are both popular carbon sources for laboratory media and represent P. aeruginosa's two main pathways for carbon source 200 oxidation, the Entner-Doudoroff pathway and the TCA cycle, respectively (Figures 1 and  2B ). Tryptone, which is an undefined protein digest, is also a standard carbon source used to grow P. aeruginosa in the laboratory and is of interest because it represents a complex condition that may be relevant for P. aeruginosa growth in natural settings (27).
We found that WT and ∆phz showed similar growth kinetics and yields on all of these 205 carbon sources (Figure S3 ). However, we observed slower and more variable growth on glucose than on tryptone, succinate, and αKG, reflecting P. aeruginosa's preference for TCA cycle intermediates over sugars (28) . ∆phz strains also generally showed a longer lag phase during growth on glucose. (We detected expression of P. aeruginosa's fifth major terminal oxidase, Cyo, only in late stationary phase during planktonic growth on tryptone, and at low or negligible levels under all other conditions examined.) For reporter strains grown in liquid cultures, we 215 identified four combinations of reporters and conditions that showed higher expression in the ∆phz than in the phenazine-producing background: the Cio and Cco1 reporter strains grown on tryptone, and the Cox and Cio reporter strains grown on αKG. We have previously reported that respiratory chain components involved in nitrate respiration are induced by defects in phenazine production (29), and our observation that the Cox, Cio, 220 and Cco1 terminal oxidases are induced in the ∆phz background under some conditions is consistent with this theme. Enhancement of terminal oxidase expression by phenazine deficiency is supported by the notion that they are regulated in response to cellular redox conditions and that phenazines constitute an alternate method of redox balancing when 11 aerobic respiratory activity is limited (5, 30, 31) . The higher level of expression for Cox in 225 the phenazine-producing background during growth on tryptone stands out as a unique case and may arise from its control by two independent regulators (i.e., the stationaryphase sigma factor RpoS and the two component repressor system RoxSR) (13, 25) .
Biofilm growth promotes the formation of resource gradients and spatial heterogeneity 230 that is not observed in liquid culture. We have described two strategies that P. aeruginosa can exploit to cope with O2 limitation in tryptone-grown biofilms: (1) use of phenazines, which can act as electron shuttles to O2 at a distance, and (2) enhanced matrix production that leads to the formation of vertical structures, called "wrinkles", which increase the overall surface area and therefore cellular access to O2 (5, 32, 33) . We have previously 235 shown that WT growth on tryptone yields biofilms that are thicker than those formed by ∆phz, and attributed the thickness of WT biofilms to the physiological benefit of phenazine production. In this study, however, we found that WT biofilms grown on a defined medium containing glucose, succinate, or αKG were thinner than ∆phz biofilms grown under these conditions and that biofilm thickness showed overall variation between conditions. The 240 metabolic pathways that function during growth on distinct carbon sources may differentially affect redox homeostasis and the response to O2 limitation. Glucose, for example, can be oxidized through respiration but can also be fermented to lactate, whereas succinate and αKG are not fermentable carbon sources. Finally, we note that the phenazine pyocyanin has been shown to have both beneficial and toxic effects that 245 can influence biofilm development in a condition-dependent manner (34). 12 Our characterization of terminal oxidase gene expression in biofilms showed several loci and conditions for which expression was enhanced in the absence of phenazines ( Figure   5 ), again consistent with complementary roles of the terminal oxidases and phenazines 250 in redox balancing. However, this effect was limited to biofilms grown on defined media containing distinct carbon sources. By contrast, biofilms grown on tryptone consistently showed higher levels of terminal oxidase gene expression in the phenazine-producing background relative to the phenazine-null background. This may be because the greater surface area of tryptone-grown ∆phz biofilms increases access to O2 and therefore 255 alleviates the need for enhanced terminal oxidase gene expression.
Phenazine derivatization is highly dependent on mode of growth and carbon source identity 260 The data presented thus far suggest that PA14's branched ETC is modulated in response to electron donor identity and the production of phenazines. PA14 makes at least four phenazines ( Figure 6A) , each having a unique redox potential (35, 36). We therefore next asked if the composition of the phenazine pool changes depending on the carbon source. We grew PA14 in liquid cultures and as biofilms on tryptone, glucose, succinate, 265 and αKG and quantified phenazine production using high performance liquid chromatography (HPLC).
The precursor phenazine, phenazine-1-carboxylic acid (PCA), can be derivatized to phenazine-1-carboxamide (PCN), 5-methyl-PCA (5-Me-PCA), or pyocyanin (PYO) 270 13 ( Figure 6A) . We focused our analysis on the production of PCA, PCN, and PYO because 5-Me-PCA is highly reactive and unstable (37) and therefore difficult to detect by HPLC.
We found a high degree of variation in phenazine production both between carbon sources and liquid culture versus biofilm growth conditions. Most notably, while we found that biofilm growth favored the production of PCN, this phenazine was not detectable in In contrast, while PYO generally contributed the most to the phenazine complement in liquid culture, it was the least-produced phenazine in biofilms. This indicates a general biofilm-specific, but carbon source-independent, switch from PYO to PCN production between the planktonic and biofilm growth states, respectively. However, the extent of 280 PCA derivatization, primarily to PYO (liquid culture) or PCN (biofilm), was dependent on the type of carbon source (Figure 6B) . These dynamics in phenazine production indicate that the carbon source influences the kinds and amount of phenazines produced by PA14 and highlights the plasticity of phenazine derivatization in response to environmental conditions. 285 
Biofilms grown on glucose or alpha-ketoglutarate exhibit Cco-independent phenazine reduction
Our observations regarding the condition-dependent effects of phenazines on respiratory 290 activity and terminal oxidase gene expression (Figures 2-5) , and the high conditiondependence of phenazine derivatization (Figure 6) , raise the question of how carbon source identity influences phenazine utilization. We have previously shown that 14 phenazine reduction in tryptone-grown biofilms is detectable as a gradient of an increasingly reduced extracellular redox state approaching the biofilm base, and that it 295 requires a Cco terminal oxidase (7) . We used redox microelectrodes to measure phenazine reduction in biofilms grown on defined media containing our carbon sources of interest and found that it was detectable during growth on glucose and αKG, but not during growth on succinate (Figure 7B-D) . Biofilms grown on either glucose and αKG both showed redox profiles that differed from those grown on tryptone: on glucose, 300 phenazines were reduced in the topmost, aerobic zone of the biofilm (Figure 7B) ; on αKG, phenazine reduction was gradual across colony depth and a smaller range of potentials than on either tryptone or glucose ( Figure 7D) . Intriguingly, the Cco oxidases were not required for endogenous phenazine reduction on glucose or αKG. Together, these results indicate that metabolic routes of electron flow to phenazines are altered 305 significantly in response to different carbon sources.
Exogenously provided and endogenous phenazines are subject to distinct reduction mechanisms in biofilms 310
Because PA14 synthesizes multiple phenazines that have distinct chemical properties (e.g. redox potentials) and may be reduced by distinct mechanisms, we created a "clean" strain background that would allow us to measure the reduction profiles of each phenazine in isolation. To this end, we generated a mutant, referred to as "∆HMS∆phz", that is unable to produce or modify any of PA14's known phenazines ( Figure 6A ). We 315 also created the ∆HMS∆phz∆cco mutant, which we expected to show defects in 15 phenazine reduction under certain conditions. We then grew these mutants on agar plates each containing one pure phenazine compound and measured phenazine reduction on our carbon sources of interest. Due to the aforementioned instability of 5-Me-PCA, we used its synthetic analog phenazine methosulfate (PMS) as a proxy to study 5-Me-PCA 320 reduction (38). We note that biofilm redox profiles do not show when the microelectrode transitions from the biofilm to the underlying growth medium. We can infer biofilm thicknesses from our characterizations of thin sections (Figure 5) , and when comparing the redox profiles obtained for ∆HMS∆phz biofilms grown on different conditions, we focused on features most likely to have been present in the biofilms rather than the growth 325 media.
When ∆HMS∆phz biofilms were grown on either tryptone or glucose, we found that phenazine reduction activity depended on the methylation state of the derivative, with tryptone-grown biofilms specifically reducing the methylated phenazines PMS and PYO, 330 and glucose-grown biofilms only showing substantial reduction of the non-methylated PCA and PCN (Figure 8A and B, green traces). While all of these activities were affected, to varying extents, by removal of the Cco terminal oxidases (Figure 8A and B, pink traces) the most dramatic effect of the cco deletion was abolishment of PMS reduction on tryptone.
335 Surprisingly, redox profiling of biofilms grown on succinate and added phenazines revealed substantial reduction of PCN and PYO (Figure 8C) , even though we did not observe reduction of endogenously produced phenazines on this carbon source ( Figure   16 7C). This discrepancy could be attributed to (1) an effect of phenazine biosynthesis itself 340 on preferred pathways of carbon source utilization and/or cellular redox state, or (2) different mechanisms of phenazine reduction that operate more readily when phenazines are produced in the cytoplasm. Like that obtained for PMS reduction during growth on tryptone, the phenazine reduction profiles for growth on succinate were also strongly affected by removal of the Cco oxidases. Finally, exogenously provided PCN and PYO 355 The opportunistic pathogen P. aeruginosa is prevalent in healthcare settings, immunocompromised individuals, and people with the inherited disease cystic fibrosis (CF). P. aeruginosa is the leading cause of chronic pulmonary infections and morbidity and mortality in patients with CF (3, 39) . It exhibits metabolic versatility in its use of diverse 360 carbon sources (i.e., electron donors), its branched aerobic respiratory chain, its capacity for nitrate respiration, and its ability to ferment arginine and pyruvate (9) . Studies 17 examining P. aeruginosa evolution during CF lung infection have identified mutations associated with changes in nutrient uptake and metabolism (40, 41). Furthermore, ETC genes, including those encoding dehydrogenases and the Cco terminal oxidases, are 365 upregulated in conditions that mimic those found in the CF lung (42). Though P.
Concluding remarks
aeruginosa's metabolic capacities are thought to contribute to its success as a pathogen, an understanding of the condition-dependence and integration of its primary redox pathways is key to interpreting its behavior in hosts. 370 Beyond canonical metabolic pathways, a further distinctive feature of P. aeruginosa is its production of phenazines, small molecules that can carry out extracellular electron shuttling (EET). This property further enhances P. aeruginosa's metabolic versatility because it provides a means to balance the intracellular redox state and generate some ATP when resources such as O2 and nitrate are not accessible. P. aeruginosa in O2- 375 limited environments, such as hypoxic biofilm subzones, can reduce phenazines that then diffuse and transfer electrons to O2 or other oxidants available at a distance. Mechanisms supporting EET have been described for diverse bacterial species, including Shewanella oneidensis, Listeria monocytogenes, and Enterococcus faecalis, and it has been suggested that many more organisms have the potential to carry out this type of 380 metabolism (43-46). EET therefore constitutes a mechanism whereby excreted metabolites can "fine-tune" primary pathways of electron flow and energy generation and thereby promote survival. 18 Several of our previous studies have highlighted the interdependence of primary 385 metabolism and phenazine-associated physiology (5, 7, 29) . In this work, we assessed the effects of phenazine production on respiratory activity and terminal oxidase expression, the effect of growth mode on phenazine production, and the roles of the Cco terminal oxidases in endogenous and exogenous phenazine utilization. We found that the "realms" of P. aeruginosa physiology concerning O2 and phenazine metabolism strongly 390 influence each other and these effects can differ dramatically depending on carbon source (i.e., electron donor) identity and whether the bacterium is growing in liquid cultures or biofilms. These findings underscore the considerable effect of electron donor(s) on downstream redox balancing mechanisms of P. aeruginosa. This work adds to our growing understanding of the different mechanisms that govern P. aeruginosa 395 metabolism, which can be modulated precisely to allow for maximal growth and survival under a variety of conditions, including those found within a host.
400

Materials and methods
Strains and growth conditions
Pseudomonas aeruginosa strain UCBPP-PA14 (47, 48) precultures were routinely grown 405 for 12-16 hours in 2 ml of lysogeny broth (LB; (49)) in 13 x 100 mm borosilicate glass tubes at 37 ˚C with shaking at 250 rpm. Precultures serving as biological replicates were inoculated from separate clonal source colonies grown on streaked LB + 1.5% agar plates. Liquid subcultures were made from diluting precultures 1:100 (1:50 for PaCio, phzPaCio, ∆cco, and ∆HMS∆phz∆cco) in 5 ml of LB and growing in 18 x 150 mm 410 borosilicate glass tubes at 37 ˚C with shaking at 250 rpm until mid-exponential phase (OD at 500 nm ~ 0.5). Liquid subcultures were used for experiments unless otherwise noted.
Strains used in this study are listed in Table 1 .
The growth media used in this study were 1% tryptone and MOPS minimal medium (50 
Construction of P. aeruginosa deletion mutant strains
Markerless deletions mutants were created by amplifying ~ 1 kb of flanking DNA sequence from each side of the gene(s) to be deleted using the primers listed in Table 2 . 425 These flanking sequences were inserted into pMQ30 via gap repair cloning in Saccharomyces cerevisiae strain InvSc1 (50). The resulting plasmids, listed in Table 3 , were then transformed into Escherichia coli strain UQ950, verified by restriction digests and/or sequencing, and moved into PA14 using biparental conjugation. Single recombinants in PA14 were selected using LB agar plates containing 100 µg/ml 430 gentamicin. Markerless deletions (double recombinants) were selected on LB without 20 NaCl containing 10% sucrose and confirmed by PCR. Combinatorial mutants were constructed by using single mutants as hosts for biparental conjugation as described in Table 1 . 435 
Construction of reporter strains
Reporter constructs for P. aeruginosa's terminal oxidases (Cox, Cio, Cco1, and Cco2) were constructed using the primers listed in Table 2 to amplify respective promoter regions (500 bp upstream of the respective terminal oxidase operon), adding an SpeI and 440 an XhoI digest site to the 5' and 3' ends of the promoter, respectively. Purified PCR products were digested and ligated into the pLD2722 vector at the multiple cloning site (MCS), upstream of the gfp sequence. The resulting plasmids (listed in Table 3 ) were transformed into E. coli strain UQ950, verified by sequencing, moved into PA14 WT or ∆phz using biparental conjugation with E. coli strain S17-1. Recombinants were selected 445 for as described previously (7) .
Growth assays and determination of carbon sources that support PA14 growth
One ml of liquid subculture was washed two times in phosphate-buffered saline (PBS; 450 Cold Spring Harbor Laboratories), resuspended in 1 ml MOPS minimal medium without a carbon source, and diluted 1:100 in MOPS minimal medium without a carbon source.
One hundred microliters of this cell suspension were dispensed into each well of a phenotype microarray carbon microplate PM1 (Biolog 12111) and incubated at 37 ˚C with continuous shaking on the medium setting in a Synergy 4 plate reader (BioTek). Growth 455 was measured by taking OD readings at 500 nm every 30 min for 20-24 hr. Each strain was assayed in biological triplicate.
Carbon sources that support growth of PA14 were determined by monitoring growth of WT over 22.5 hours for each biological replicate. After subtracting the cell density (OD at 460 500 nm) values for the negative control (well A1 on Biolog plate PM1, in which there is no carbon source added), a cutoff of 0.15 was applied to the other 95 cell density values; 21 anything falling below this cutoff was designated as background. In the rare instances where there was a discrepancy between the biological replicates, the growth curves of each replicate was manually inspected to determine whether there was growth or not. We 465 found that 32 of 95 carbon sources in Biolog plate PM1 allowed for growth of PA14 WT (Supplementary File 1) . We ensured that only those carbon sources that support growth of WT also allow the terminal oxidase and/or phenazine mutants to grow by visually inspecting their growth. 470 
Determination of carbon sources that support reduction of tetrazolium violet
For dye reduction assays, PA14 cells were prepared and assayed according to (Figure 3B) .
Liquid culture growth and terminal oxidase reporter expression assays
One ml of liquid subcultures was washed two times in PBS and resuspended in 1 ml PBS. 490 These cells were then diluted 1:100 in respective growth medium in a clear, flat-bottom polystyrene black 96-well plate (VWR 82050-756) and incubated at 37 ˚C with continuous shaking on the medium setting in a Synergy 4 plate reader (BioTek). Growth was 22 monitored by taking OD readings at 500 nm and gfp expression was assessed by taking fluorescence readings at excitation and emission wavelengths of 480 nm and 510 nm, 495 respectively, every 30 minutes for 20-24 hr. Fluorescence and absorbance readings were taken simultaneously. For growth curves (Figure S4) Colonies were cleared via three 60-min incubations in Histoclear-II (National Diagnostics HS-202) and infiltrated with wax via two separate washes of 100% Paraplast Xtra paraffin 515 wax (Thermo Fisher Scientific 50-276-89) for 2 hr each at 55 ˚C, then colonies were allowed to polymerize overnight at 4 ˚C. Tissue processing was performed using an STP120 Tissue Processor (Thermo Fisher Scientific 813150). Trimmed blocks were sectioned in 10-µm-thick sections perpendicular to the plane of the colony using an automatic microtome (Thermo Fisher Scientific 905200ER) and collected onto slides. 520 Slides were air-dried overnight, heat-fixed on a hotplate for 1 hr at 45 ˚C, and rehydrated.
Rehydrated colonies were immediately mounted in TRIS-Buffered DAPI:Fluorogel (Thermo Fisher Scientific 50-246-93) and overlaid with a coverslip. Differential interference contrast (DIC) and fluorescent confocal images were captured from using an 23 LSM800 confocal microscope (Zeiss, Germany). n ≥ 6 for each strain on each carbon 525 source. redox measurements were performed using the SensorTrace Profiling software (Unisense) as described previously (7) . Simplified representation of major redox pathways operating in P. aeruginosa. Orange, 605 Entner-Doudoroff (ED) pathway; pink, the tricarboxylic acid (TCA) cycle; blue, aerobic respiration mediated by the electron transport chain (ETC). Electron transfer through the ETC is coupled to the generation of a proton motive force that powers the ATP synthase (green). ATP is also generated by the ED pathway. Electrons can originate from diverse carbon sources that can enter the ED pathway or TCA cycle. Electron transfer through the ETC is coupled to the generation of a proton motive force that powers the ATP synthase (green). ATP is also generated by the ED pathway. Electrons can originate from diverse carbon sources that can enter the ED pathway or TCA cycle. 150  50  100  150  50  100  150  50  100  150   50  100  150  50  100  150  50  100  150  50  100  150   50  100  150  50  100  150  50  100  150  50  100  150   50  100  150  50  100  150  50  100  150  50  100 
Thin sectioning data analysis
